Abstract: Marine-terminating glaciers dominate the evolution of the Greenland Ice Sheet (GrIS) and its contribution to sea-level rise. Widespread glacier acceleration has been linked to the warming of ocean waters around the periphery of Greenland but a lack of information on the bathymetry of the continental shelf and glacial fjords has limited our ability to understand how subsurface, warm, salty ocean waters of Atlantic origin (AW) reach the glaciers and melt them from below. Here, we employ high-resolution, airborne gravity data (AIRGrav) in combination with multibeam echo sounding (MBES) data, to infer the bathymetry of the coastal areas of Northwest Greenland for NASA's Ocean Melting Greenland (OMG) mission. High-resolution, AIRGrav data acquired on a 2 km spacing, 150 m ground clearance, with 1.5 mGal crossover error, is inverted in three dimensions to map the bathymetry. To constrain the inversion away from MBES data, we compare two methods: one based on the Direct Current (DC) shift of the gravity field (absolute minus observed gravity) and another based on the density of the bedrock. We evaluate and compare the two methods in areas with complete MBES coverage. We find the lowest standard error in bed elevation (±60 m) using the DC shift method. When applied to the entire coast of Northwest Greenland, the three-dimensional inversion reveals a complex network of connected sea bed channels, not known previously, that provide natural and varied pathways for AW to reach the glaciers across the continental shelf. The study demonstrates that the gravity approach offers an efficient and practical alternative to extensive ship mapping in ice-filled waters to obtain information critical to understanding and modeling ice-ocean interaction along ice sheet margins.
Introduction
The Greenland Ice Sheet (GrIS) has been losing mass and contributing to sea-level rise more than 1 mm/yr in the last two decades [1] [2] [3] [4] . The total mass loss is widespread, and one third is from northwest (NW) Greenland [5] . The mass loss is a combination of increased ice discharge of its marine-terminating glaciers and decreased surface mass balance from enhanced surface melt. Wide spread acceleration of glaciers has taken place [6] as subsurface, warm, salty, Atlantic Water (AW) spread more vigorously around the periphery of Greenland [7] [8] [9] . Subsurface ocean waters at the front of these glaciers became warmer, the melt rates of their calving faces increased, causing them to retreat and experience less buttressing, which in turn allowed the glaciers to speed-up [10] [11] [12] . Bathymetry regulates the degree with which ocean heat is transmitted to the glaciers [13] [14] [15] and hence how the glaciers will evolve in the future. Until recently, the bathymetry of most glacial fjords in NW Greenland had not been surveyed. The most recent compilation of ocean bathymetry, the International Bathymetric Chart of the Arctic Ocean (IBCAOv3), does not include glacier fjords [16] .
To improve our understanding of ice-ocean interaction in Greenland, NASA launched in 2015 a five-year mission named 'Ocean Melting Greenland' (OMG) that includes bathymetry mapping with multibeam echo sounder (MBES) and airborne high-resolution gravity, airborne high-resolution surface topography, and physical properties (temperature, salinity, and conductivity) of the ocean waters from air-dropped probes [14] . As a first result, Morlighem et al. [17] compiled a novel bed topography of the Greenland Ice Sheet, BMv3, that uses a mass conservation method on land, forced by the OMG bathymetric data at the ice margin. Off shore, the mass conservation approach does not apply, hence BMv3 combines IBCAOv3, OMG MBES, and other recent data sets. Shipborne MBES surveys cannot be extended across the entire continental shelf because the area to be surveyed is too large and the mapping task would be too time consuming and expensive. Airborne, high-resolution gravity data offers an alternative to survey large areas at a reduced spatial resolution [18, 19] . The challenge of the gravity data inversion is to properly constrain the underlying geology which influences the absolute gravity field [20, 21] .
Here, we present an approach that fills bathymetric gaps in NW Greenland using OMG airborne gravity and a dense network of MBES data. We employ a 3-D inversion of gravity data constrained by MBES data off shore and BMv3 reconstruction on shore. We evaluate the uncertainty of the inferred bed elevation and compare the results with earlier mappings. We discuss the implications of the new product on our understanding of ocean circulation and ice-ocean interaction in NW Greenland.
Data and Methods

Airborne Gravity Data
The OMG mission collected gravity data on the continental shelf using the Sander Geophysics Limited (SGL)'s Airborne Inertially Referenced Gravimeter (AIRGrav). The survey of NW Greenland was carried out in April 2016 (Figure 1 ), mostly over the open ocean, using SGL's Cessna Grand Caravan 208B, a fixed-wing aircraft, at a survey speed of 110 knots, with a 2 km line spacing, and 150 m above the sea surface. Accelerometer data are recorded at 128 Hz and down sampled to 2 Hz during processing. SGL proprietary software is used for processing [22] . Eötvös, theoretical gravity, free-air, static, and level corrections are applied on the data to yield free-air gravity anomalies [23] , which we refer to as OMG gravity data in the remainder of the paper. With a 28-s half-wavelength filter, we expect a nominal resolution of 1.6 km; however due to additional filtering of the data to reduce noise, the practical resolution of the data is 1.8 to 2 km. The gravity data has overall RMS of crossover differences of 1.5 mGal. The data are gridded using a minimum curvature algorithm that averages all values within 500 m grid cell size and interpolates the data between survey lines. Low pass filtering is applied to the grid to reduce residual noise, reconcile data at intersections of cross cutting lines, and reduce aliasing effects from sub-sampling the gravity signal perpendicular to survey lines. Final data are filtered with a 1 km half-wavelength grid filter. We use gridded gravity data for the inversion because it is the preferred data format for the inversion and because 2-D filtering of the data employed during data gridding lowers the data noise compared to line data.
Multibeam Echo Sounding Data
Bathymetry data along the coastline of Greenland include OMG MBES data collected in July-September 2015 for the OMG mission on the M/V Cape Race, additional MBES data collected in August 2017 onboard the S/Y Ivilia, and data from other projects [17] (Figure 1a) . The S/Y Ivilia employed a Kongsberg EM710 sonar that processed the data with the Seafloor Information System (SIS), a real-time software designed to be the user interface and the real-time data processing system produced by Kongsberg Maritime. The R/V Cape Race operated a Reson Seabat 7160 (Teledyne RESON Inc., Camarillo, CA, USA) sonar with CARIS HIPS processing software version 9.0 and QINsy operating software version 8.10. The sonars produce an angular swath of beams to the port and starboard sides in a single ping to effectively map a corridor with a width approximately 3-4 times the water depth. Positioning was supplied via a NavCom SF-3050 Global Navigation Satellite System (GNSS) with StarFire Corrections with an accuracy of 10 cm horizontally and 15 cm vertically. Pitch, roll, heave, and heading are used to correct for the attitude of the sonar. Water Conductivity, Temperature and Depth (CTD) were collected in September and October 2016 and October 2017 using an AML Oceanographic Minos X CTD (British Columbia Canada) in thick brash/sea ice conditions and a Valeport Rapid CTD (Teledyne Oceanscience, Carlsbad, CA, USA) in ice-free ocean waters [24] . CTD data collected along the MBES survey lines were used to calculate the sound velocity and correct the data for refraction [25] using the CARIS or SIS software version 4.3.2. 
Inversion Methods
Survey domain. We divide the survey domain into parts A-C to ease the computation (Figure 1 ). To invert the gravity data, we use the Geosoft GM-SYS 3-D software version 9.0, which implements Parker [26] 's method to calculate the gravity anomaly caused by an uneven, uniform layer of material by means of a series of Fourier transforms and modify it iteratively to minimize the misfit between calculated and observed gravity. The Fourier transform of the gravity field is expressed as:
where F(∆g) is the Fourier transform of the gravity anomaly, G is the universal gravitational constant, ρ is the density contrast across the interface, k is the wave number, h(x) is the depth to the interface (positive downward), and z 0 is the mean depth of the horizontal interface. We model the inversion domain as three horizontal layers: (1) a solid ice layer with a density of 0.917 g/cm 3 ; (2) an ocean water layer with a density of 1.028 g/cm 3 ; and (3) a rock layer with a uniform density of 2.67 g/cm 3 .
To obtain regularly gridded gravity data in the rectangular domain of the inversion and avoid edge effects [19] , we pad the observed gravity data with gravity simulations from a "first-guess" bathymetry model that assumes a uniform bedrock density. The initial bed solution is BMv3. DC refers to a direct current voltage, which is a term originally in electronics. When describing a periodic function in the time domain, DC shift is the mean amplitude of the waveform. Here, the Direct Current shift, or "DC shift", is the mean difference between the measured gravity and the absolute modeled gravity [27, 28] . In the gravity model, the DC shift accounts for the difference between the absolute gravity of the Earth and the gravity field in our inversion domain. We calculate the DC shift, correct the observations with it, and then add the modeled gravity to fill in the observational gaps. This procedure minimizes the impact of areas outside the surveyed area. For instance, gravity anomalies associated with mountain blocks [19] influence the gravity field many kilometers away. By accounting for this effect, we minimize the impact of observational gaps on the solution of the inversion. When merging the observations with the modeled gravity, we allow a 1500 m wide (horizontal) transition between observations and modeled gravity to enable a smooth transition that preserves the observations.
To perform the inversion, we compare two different procedures. One is based on the interpolation of the point to point DC shift obtained within our model domain assuming a uniform bedrock density. Another procedure is based on an interpolation of density of bedrock assuming a uniform value of DC shift instead. The second procedure involves an additional inversion for bedrock density.
DC shift inversion. Over a small area uniform in geology, the DC shift should be uniform, but over an extensive area with varying geology, the DC shift will vary spatially. Here, we calculate the DC shift by comparing observations with the modeled gravity in areas we have MBES data. The modeled gravity is calculated using a forward model with BMv3 as the initial solution. We assume a bedrock density of 2.67 g/cm 3 ( Figure 2b ). We employ a minimum curvature algorithm to interpolate the DC shift values in between the MBES data ( Figure 2c ). We then add the DC shift values to the observations (Figure 2d ) and merge the result with the forward modeled gravity. We allow a 1500 m wide transition between MBES data and non-surveyed areas. In the transition region, the inversion conducted using Geosoft is modulated by a factor varying linearly from 0 (no inversion) to 1 (full inversion). No data inversion is performed on land and MBES data available (inversion factor is 0). We only invert the gravity data on the portions of ocean where is no prior bathymetry (inversion factor of 1). The long-wavelength contributions to the observed field, which do not influence the response of the gravity field to bathymetric variation, are successfully removed by this technique.
Density inversion. We start from a uniform DC shift calculated as the average difference between the airborne data and a forward model using a density of 2.67 g/cm 3 over the areas we have MBES data. We add the mean DC shift value to the observations ( Figure 2b ) and fill the gaps with the forward model. We perform an inversion for the density that produces a modeled gravity that best matches the observations where we have MBES data. We interpolate the inferred densities using a minimum curvature algorithm. We then perform an inversion for the bed elevation, using the average value of the DC shift, and the map of density of bedrock. Evaluation of inversion schemes. During the inversion, the unknown sea floor depth is modified iteratively to minimize the residuals between modeled and observed gravity. The iteration stops when the standard deviation of the error is lower than a user-provided value, i.e., 0.1 mGal (1 mGal = 10 −5 m/s 2 ). We compare the two methods (DC shift vs density) in part B (orange box in Figure 1 ) where we have complete MBES coverage, i.e., we know the bed solution. We constrain the inversion using data only from the periphery of the domain, or a region 3 km wide (Figure 3) . To evaluate the inversions, we calculate the average difference and standard deviation between the result and the correct value of the bed elevation. We also compare the data along specific profiles. One profile, A-A , lines up with an east-west trough perpendicular to the gravity lines. A second line B-B follows one survey line (Figure 4g-j) . 
Error in Bed Elevation
The gravity data are gridded using a minimum curvature algorithm that averages all values within 500 m grid cell size and interpolates the data in between survey lines (results showed in Figure 4g -j). We tested several interpolations beside the standard minimum curvature method. We also used a minimum curvature with a low pass desampling filter of 2 km, and a Kriging method with a spherical variogram model. The mean error and standard deviation from these methods are 166.0 ± 82.5 m and 135.2 ± 68.3 m, which are larger than the minimum curvature method.
A product of the gravity inversion is a map of the gravity misfit, which is the difference between modeled and observed gravity [20] . Using a forward model, we calculate the change in gravity field caused by a 100-m change in water depth. We find 5 mGal per 100 m of water. We could use this conversion ratio to translate the gravity misfit from mGal to meters and obtain an uncertainty in bed elevation (Figure 5c ). 
Results
The observed gravity anomalies within the survey area vary from −75 mGal in the fjords to 51 mGal on surrounding mountains and islands ( Figure 1b) . As expected, the inferred bed elevation is positively correlated with the gravity anomaly, i.e., a low bed elevation corresponds to a negative gravity anomaly and vice versa (Figure 5b ). Compared with IBCAOv3 (Figure 5a ), the sea floor is significantly deeper and more complex. We obtain water depths several hundred meters deeper on average and we find a network of deep seafloor channels on the continental shelf that are not present in IBCAOv3 due to the absence of prior data. Figure 4g , Table 1 ), we find a mean error of the inversion ranging from −20 to +50 m and a standard deviation ranging from 39 to 50 m. Over the entire domain, the mean error is −13 to −41 m with a standard deviation of 62 to 68 m. The best solution is obtained using the DC shift algorithm, especially along the survey line B-B . Along trough A-A , we note undulations of ±60 m with a wavelength of 2 km in both the density and DC shift solutions that reflect the line spacing of the survey and half wavelength of the gravity data. Please note that these undulations are not present along the survey line B-B . We note that the DC shift map and density map (Figure 4b,c) show very similar variations across the model-space, i.e., they might play comparable role in the inversion. Based on our evaluation, the DC shift shows slightly better results, with a bathymetry that is better centered on the true depth of the seafloor (Table 1, Figure 4) . Hence, we use it for the remainder of the study and assume a nominal uncertainty in bed elevation of ±60 m. We also posit that the use of a reasonable interpolation scheme in between the MBES plays a crucial role in the inversion results.
Comparing the bed elevation along A-A and B-B (
In the red box of part A in Figure 6 , the gravity inversion improves bed mapping significantly compared to IBCAOv3. We obtain better topographic details and identify channel connectivity, i.e., the depth of troughs carved on the seafloor is not interrupted by shallow passages but generally remains consistently deep. The new bathymetry reveals a network of connected channels on the continental shelf. We attribute their presence to bedrock erosion from prior advances of glaciers in colder periods. Most of the channels are deep enough (>300 m) to enable the advection of warm, subsurface, salty AW to the glaciers, i.e., they are connected over distances long enough to transmit AW to the glacier fronts [29] . In the new map of part A, we detect prominent seafloor channels in front of Rink glacier (Figure 6b) .
In Part B north of Alison Glacier, we had a dense network of MBES measurements so the improvements from the gravity inversion are less apparent (Figure 7 ). Within the red box areas in the figure, however, we find places where channel connectivity is much more complex compared to the previous maps.
In part C (Figure 8 ), we find that two deep, wide, adjacent channels on the inner shelf near 74.5 • N, 57 • W [14] that are now connected from the gravity inversion (Figure 8 ). We find consistent seafloor channels connected with the glaciers over a domain spanning from Hayes to Illullip glaciers. In the southern part, we find a 600-m deep channel in a nearly flat area according to the prior mappings (Figure 8a ). 
Discussion
The gravity method is a passive geophysical remote sensing technique that exploits the relationship between gravity anomalies, bed elevation, and density. Because of inherent ambiguities in the inversion, the solution is not unique. Here, we employ additional constraints with MBES data to reduce the uncertainty in our solution. We map bathymetry at a 2-km spacing, with an accuracy of ±60 m. While this measurement performance is less than that achievable with MBES (25 m spacing, 1-2 m vertical for the OMG data), the gravity data is critical to fill data gaps. In IBCAOv3, large expanses of nearly flat, shallow sea floor on the continental shelf make it impossible for subsurface AW to reach the glaciers in a numerical model of ocean circulation. The new bathymetry reveals a network of channels on the seafloor that are deep enough to host AW and connected well enough to enable its transport to the glaciers. We attribute the existence of these troughs to glacial erosion over many successive glacial cycles, as in other parts of Greenland (e.g., [30] [31] [32] [33] ). Most of these channels are 5 to 10 km wide, and 400-600 m deep. We also identify several areas where the seafloor in front of the glaciers is shallow, e.g., Nordenskiold, Steenstrup, Kjer, and Hayes N, hence access from warm, subsurface AW is limited.
We note that the prominent east-west gravity gradient along the NW coast of Greenland (Figure 1b) , which reflects variations in the lithosphere from the outer shelf to the fjords of NW Greenland [34] , does not affect the inversion because we have enough MBES data to constrain the solution. The 3-D gravity inversion would be hard to perform in the absence of MBES data of the outer shelf. Long-wave length contributions to the observed field, which do not influence the response of the gravity field to bathymetric variation, are successfully removed by DC shift method. In regions where the density of the seafloor materials is variable, the uncertainties of the models presented here will be greater than for models that account for the variation of density structure within the shallow subsurface.
Our results show that the outer shelf of NW Greenland is incised by a series of troughs that extend from the fjords and feed into major cross-shelf troughs of the mid to outer shelf, which are prominent features up to 250 km long and 100 km wide, namely the: (1) North Melville Bay Trough (NMBT), (2) Melville Bay Trough (MBT) and (3) South Melville Bay Trough (SMBT) (Figure 9 ) [34, 35] . In contrast, the inner shelf troughs are 5 to 10 km wide, 400 to 1200 m deep, and U-shaped (not shown in the figures). Deep, U-shaped troughs on the inner shelf (Figures 6-8) are tributary or second-order troughs excavated by corridors of fast-flowing ice that extended from the fjords to the major cross-shelf troughs. The ice from the fjords beyond Docker Smith flowed in a westerly direction toward NMBT instead of MBT [35] . The ice from Rink to Illullip glaciers flowed in a southwesterly direction toward MBT. The ice from Cornell to Upernavik glaciers flowed into the SMBT trough.
The outer shelf of NW Greenland, which was shallow and flat in IBCAOv3, includes deep channels. Directly seaward of Sverdrup Glacier, we have a trough 600 m deep instead of 300 m in BMv3/IBCAOv3. Similarly, we identify major troughs seaward of Upernavik, Kakifaat, Ussing Brae, Illullip, Alison and South Hayes, and Hayes that provide pathways for AW to reach the glaciers. Farther north, the troughs in front of Kjer and Steenstrup, Sverdrup, Nansen, King Oscar and Issuusarsuit, Nordenskiöld, Rink and Docker Smith are relatively shallow. For several glaciers, the troughs on the continental shelf are better defined and connected in the gravity solution than in BMv3, e.g., Illullip, Hayes, Sverdrup, Nordernskiöld and Docker Smith glaciers. Confirming the connectivity of channels deeper than 250-300 m is important because this is the depth beyond which AW resides [9] . Many channels not connected in BMv3 are connected in the new map. While we cannot identify the effective pathway of AW without using a numerical ocean model and comparing the results with temperature/salinity data in the ocean, the bathymetry product is sufficient to identify pathways conducive to AW transport in some areas and natural blocks in others. We find that troughs are deep and wide in the southern part of the domain (e.g., Upernavik, Kakivfaat, Ussing Brae, Illullip, Alison and South Hayes) and in some cases even "over-deepened" by several hundred meters as in the Umanaq fjord system [36] . North of Hayes, the channels are less well developed and do not coalesce with other channels as often. The troughs in front of Kjer and Steenstrup are shallow. We cannot identify a trough in front of Kong Oscar or Nansen glaciers with certainty, but note that the front of Kong Oscar has not been surveyed with MBES, which is difficult for gravity inversion to be constrained. The striking difference in channel characteristics between north (Melville Bay) and the south (Upernavik district) may be due to several factors. One factor is the make-up of the bedrock, since the geology of the two sectors is markedly different [37] . According to the geological map along the northwest Greenland coast, orthogneiss mapped in the north of the area and charnockite in the south. Another is the rate of ice production. The glaciers in the north drain smaller basins, with lower speed, which makes them less effective at bed erosion. In the south, the former ice streams drained larger basins, at greater speeds, hence with more rapid basal erosion [38] . In that context, the configuration of the continental shelf in NW Greenland is special and contrast markedly with isolated, broad, deep channels farther south, e.g., in central west and southwest Greenland [17] .
The new bathymetry will be essential to enable ocean numerical models to identify the pathways for AW to reach the glacial fjords, which in turn is critical to understand the ocean thermal forcing on the glaciers, their past and future evolution, and the role of the ocean on ice sheet mass balance. The differences between IBCAOv3 and the OMG-derived gravity inversion are significant, i.e., measured in many hundreds of meters, with enhanced connectivity of the channels and potential for hosting and transporting AW water.
Our study demonstrates the practicality of using airborne, high precision gravity surveys to map sea floor bathymetry over vast territories at a spatial resolution of 2 km and a vertical uncertainty of 60 m. The approach requires a network of bathymetric observations for ground control. The results may eventually be improved with tailored, additional MBES data, especially now that the location of deep troughs is known.
Conclusions
In this study, we present a novel 3-D inversion of the OMG gravity data collected in NW Greenland to infer the bathymetry of the continental shelf from its western edge to the entry of the glacial fjords. The novel mapping provides details of the fjords and channels that are critical to understand ocean heat transport across the shelf, conduct a modeling of ocean circulation, and subsequently improve model projection of ice sheet evolution. The new bathymetric solution will be included in BedMachinev4 and is readily available at the OMG web site (http://omg.jpl.nasa.gov). Our study demonstrates that high-resolution airborne gravity surveys provide a useful alternative to sea floor mapping in extensive areas with ice-filled waters. Future MBES data collection will remain key to improving the precision of the results locally, but the bathymetry products provided as a result of the OMG gravity data are already of sufficient quality to make major progress in understanding ocean heat exchange along the ice sheet periphery for the first time.
